Many food fermentations are performed using mixed cultures of lactic acid bacteria. Interactions between strains are of key importance for the performance of these fermentations. Yogurt fermentation by Streptococcus thermophilus and Lactobacillus bulgaricus (basonym, Lactobacillus delbrueckii subsp. bulgaricus) is one of the best-described mixed-culture fermentations. These species are believed to stimulate each other's growth by the exchange of metabolites such as folic acid and carbon dioxide. Recently, postgenomic studies revealed that an upregulation of biosynthesis pathways for nucleotides and sulfur-containing amino acids is part of the global physiological response to mixed-culture growth in S. thermophilus, but an in-depth molecular analysis of mixed-culture growth of both strains remains to be established. We report here the application of mixedculture transcriptome profiling and a systematic analysis of the effect of interaction-related compounds on growth, which allowed us to unravel the molecular responses associated with batch mixed-culture growth in milk of S. thermophilus CNRZ1066 and L. bulgaricus ATCC BAA-365. The results indicate that interactions between these bacteria are primarily related to purine, amino acid, and long-chain fatty acid metabolism. The results support a model in which formic acid, folic acid, and fatty acids are provided by S. thermophilus. Proteolysis by L. bulgaricus supplies both strains with amino acids but is insufficient to meet the biosynthetic demands for sulfur and branched-chain amino acids, as becomes clear from the upregulation of genes associated with these amino acids in mixed culture. Moreover, genes involved in iron uptake in S. thermophilus are affected by mixed-culture growth, and genes coding for exopolysaccharide production were upregulated in both organisms in mixed culture compared to monocultures. The confirmation of previously identified responses in S. thermophilus using a different strain combination demonstrates their generic value. In addition, the postgenomic analysis of the responses of L. bulgaricus to mixed-culture growth allows a deeper understanding of the ecology and interactions of this important industrial food fermentation process.
Fermented dairy products are typically produced using mixed cultures of lactic acid bacteria, a prominent group of Gram-positive bacteria. Yogurt is milk fermented by the lactic acid bacteria Streptococcus thermophilus and Lactobacillus bulgaricus (basonym, Lactobacillus delbrueckii subsp. bulgaricus). These bacteria stimulate each other's growth and acid production. This mutual stimulation is based on the exchange of growth enhancing metabolites (for a recent review, see reference 30). S. thermophilus is suggested to provide L. bulgaricus with formic acid (12) , folic acid (10, 36) , and carbon dioxide (14) , compounds that are all associated with purine biosynthesis either as precursors or as cofactors. Other metabolic interactions exist at the level of nitrogen metabolism. Typically, the nonproteolytic S. thermophilus profits from the proteolytic action of the membrane-resident protease PrtB of L. bulgaricus (8, 29, 32) . L. bulgaricus was reported to be stimulated by long-chain fatty acids (LCFA) such as oleic acid and lauric acid (24) , but it remains to be established whether S. thermophilus plays a role in improving fatty acid availability in mixed culture.
Two recent postgenomic studies addressed the global response of S. thermophilus LMG18311 to growth in milk in monoculture or mixed with L. bulgaricus ATCC 11842 (15, 16) . These studies revealed several additional metabolic responses to mixed culture growth. The downregulation of genes associated with purine metabolism and the upregulation of stu0336, a xanthine/uracil permease, suggested that purine (precursors) were provided by L. bulgaricus and consumed by S. thermophilus. In addition, genes in the pathways for the biosynthesis of arginine and branched-chain amino acids (BCAA) were upregulated in mixed culture. Finally, in response to H 2 O 2 produced by L. bulgaricus, S. thermophilus showed multiple responses that may lead to lower intracellular iron concentrations (15) , minimizing damage by reactive oxygen species (ROS) that are generated by the Fenton reaction.
Since the postgenomic analyses described above were only performed in S. thermophilus, the responses of L. bulgaricus to mixed-culture growth remain to be established. In the present study we sought to (i) analyze the regulatory responses to cocultivation in milk in both strains simultaneously, (ii) extend analyses performed by Hervé-Jimenez et al. (15, 16) to another strain combination in order to explore the generic value of specific responses identified by these authors, and (iii) validate hypotheses derived from postgenomic studies with cultivation experiments using candidate interaction compounds. The combination of the regulatory response identified with transcriptomics and results acquired from population dynamics studies with supplementation of candidate interaction compounds showed that S. thermophilus provides L. bulgaricus with (precursors for) purines and that L. bulgaricus LCFA biosynthesis genes are downregulated in mixed cultures despite a higher growth rate. The results also show that the proteolytic activity of L. bulgaricus is insufficient to meet the demands for BCAA and sulfur amino acids by both strains.
MATERIALS AND METHODS
Strains and culture conditions. S. thermophilus CNRZ1066 (2) and L. delbrueckii subsp. bulgaricus ATCC BAA-365 (21) were maintained as frozen stocks in M17 broth and MRS broth (both Oxoid, Basingstoke, England), respectively, containing 22% (vol/vol) glycerol (Scharlau, Sentmenat, Spain) at Ϫ80°C. These strains were chosen because their genomes were annotated and publicly available at the start of the present study. Moreover, applying a transcriptomics study on different strains than those in reference 15 shows the generic relevance of the obtained results. Cultures were made by inoculating prewarmed ultrahigh-temperature-treated 10% (wt/vol) reconstituted skim milk (Nilac; NIZO food research, Ede, Netherlands) in unstirred 250-ml Scott bottles with 1 ϫ 10 5 CFU/ml for S. thermophilus and 2 ϫ 10 4 CFU/ml for L. bulgaricus and grown at 42°C, i.e., at an optical density at 600 nm (OD 600 ) of 0.005 per strain. OD 600 was determined after mixing 1 volume of culture with 9 volumes of a solution comprising 0.2% (wt/vol) sodium hydroxide and 0.2% sodium EDTA acid (both from Merck, Darmstadt, Germany). Colony counts were acquired by spread plating onto M17 agar (S. thermophilus) and MRS agar (L. bulgaricus), followed by incubation at 42°C, the S. thermophilus in aerobic conditions and the L. bulgaricus in anaerobic conditions. The pH was recorded with a porotrode (Metrohm, Herisau, Switzerland) connected to a Cinac device (Alliance Instruments, Frepillon, France).
Effect of candidate interaction compounds on growth. Cultures of S. thermophilus, L. bulgaricus, and the mixed culture were prepared supplementing 4 volumes of milk with 1 volume of water containing compounds for which it has been established or hypothesized that they influence the interactions (30) . These represented compounds related to purine and pyrimidine metabolism, including sodium pyruvate (1.82 mM) and sodium formate (1.47 mM) (both from Merck) and folic acid (1 mM) and nucleobases (10 mg/liter each) (both from SigmaAldrich, Steinheim, Germany). Proteolysis was represented by Casitone (4 g/liter to abolish all effects of proteolysis, including that on low abundant amino acids) and histidine (650 M) and fatty acid metabolism using Tween 20 (105.9 M) (13, 17) and Tween 80 (110 mg/liter) (all from Sigma). Tween 20 and Tween 80 were used as a supply of lauric acid and oleic acid since these free fatty acids are poorly soluble (24) . Similarly, L-ornithine monohydrochloride (590 M) and putrescine (1.13 mM) (both from Sigma) were used since both are involved in arginine metabolism and the urea cycle (6, 30, 38) . The effect of each component on growth and acidification was tested in a single-addition and a single-omission strategy. Acidification by cultures of 250 l was measured in quadruplicate in hydroplates (PreSens; Precision Sensing GmbH, Regensburg, Germany) both aerobically and anaerobically at 37°C because this temperature allowed comparable population densities of S. thermophilus and L. bulgaricus. After 19 h of culture, the CFU counts were determined by using a rapid miniplating method (31) , incubating the plates at 37°C. Differences in acidification rates were determined by comparing the maximal and minimal acidification rates (Fig. 1B) using a two-tailed Student t test (P ϭ 0.05). Differences between the final pH values and between the final viable counts were determined in a similar manner. Compounds showing significant effects were confirmed at the conditions used for transcriptomic analysis. A higher cell count, lower final pH, higher acidification rate, and a reduced time needed to reach this rate were considered stimulatory compared to the control.
Metabolite analyses. The free amino acid content was determined by highpressure liquid chromatography from the cultures used for transcription profiling as described previously (18) . To calculate the concentration of lactic acid produced by the cultures, a calibration curve was constructed by acidifying milk to various pH values with lactic acid. This procedure was followed instead of determining titratable acidity of each sample since it allowed a semiautomated determination of acid production rates in large numbers of samples for the compound screening.
EPS isolation. Similar cultures as for the transcription profiling study were grown at 37°C for 24 h. An 80-g portion of these cultures was used for exopolysaccharide (EPS) isolation. The samples were incubated at 55°C for 2 h to release all EPS from the cells. After 5.3 ml of 60% trichloroacetic acid (Merck) was added, the mixture was stirred at room temperature for 1 h. After centrifugation for 30 min at 6,000 ϫ g and 4°C, the pH of the supernatant was adjusted to 4.0 with 10 M sodium hydroxide. Dialysis tubes (Medicell International, Ltd., London, England) were boiled for 5 to 10 min in water containing 1 g of sodium carbonate (Merck)/liter, rinsed, and boiled in water for 5 min. The supernatants were applied to the tubes, and dialysis was performed in flowing tap water for 24 h and twice in Milli-Q water for 3 h. Dialyzed samples were freeze-dried in an IlShin freeze dryer (IlShin, Kteongki-do, South Korea). , and the mixed culture (solid lines). In the S. thermophilus and mixed culture, the two exponential phases display a maximal acidification rate (1st and 2nd max). In between, at the transition phase at t ϭ 4.5 h, there is a point at which the acidification rate drops almost to zero.
RNA isolation, cDNA synthesis, labeling, and hybridization. Aliquots of 125 ml (after 3.5 and 5.5 h) or 50 ml (after 8 and 12 h) of the yogurt cultures was quenched in 3 volumes 60% glycerol at Ϫ40°C, leading to immediate arrest of the cellular processes (27) , and kept at Ϫ20°C for 0.5 h. Subsequently, the pH was adjusted to 6.5 to 7.0 with 1 M sodium hydroxide. The medium was cleared by adding 4 ml of 25% (wt/vol) trisodium citrate (Merck) per 100 ml. The sample was gently mixed each 5 min for 0.5 h, while keeping it at Ϫ20°C. Cells were harvested by centrifugation at Ϫ20°C and 23,000 ϫ g for 16 min. In order to remove residual protein, the cell pellet was resuspended in a solution comprised of 50% (wt/vol) guanidine thiocyanate (Sigma), 0.5% (wt/vol) N-laurylsarcosine (Sigma), and 2.5% (vol/vol) of a 1 M trisodium citrate solution, adjusted to pH 7.0. After centrifugation, the cells were resuspended in 500 l of 1ϫ TE (10ϫ TE contains 10 mM Tris [pH 8.0; Merck] and 1 mM EDTA [pH 8.0]) and transferred to a screw-cap tube. RNA was isolated by using a phenol-chloroform extraction, followed by a column purification as described earlier (28) , with the modification that cells were disrupted by shaking three times for 45 s each time in a Fast-Prep apparatus (MP Biomedicals, Illkirch, France) at 5.5 m/s separated by a period of 1 min on ice. The quantity of RNA was measured with a ND-1000 photospectrometer (Nanodrop Technologies, Wilmington, DE), and the quality was determined with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA samples with a A 260 /A 280 ratio of Ͼ1.9 and a clear two-peak (16S and 23S rRNA) pattern were included for transcriptome analysis. RNA samples were stored at Ϫ80°C.
Portions (5 to 7 g) of RNA were used for cDNA synthesis and labeling with a Cyscribe Post-Labeling kit (Amersham Biosciences, Amersham, England) as described earlier (33) . For each array, 0.3 g of cDNA labeled with either cyanine 3 (Cy3) or cyanine 5 (Cy5) was hybridized using the solutions and according to the protocol supplied by Agilent (version 5.5) for 8x15K slides. A hybridization scheme was designed that allowed duplicate comparisons between different stages within a fermentation experiment, as well as between monocultures and mixed cultures (see Fig. S1 in the supplemental material).
Microarray design. Microarrays for the 8x15K platform containing in situsynthesized 60-mer oligomers were produced by Agilent Technologies (Santa Clara, CA), according to a custom probe design based on the genome sequences of S. thermophilus CNRZ1066 (released by NCBI, GenBank accession no. NC_006449) and L. bulgaricus ATCC BAA-365 (released by JGI, NC_008529). The oligomers were designed using the algorithm described previously (28) . With respect to the genome of S. thermophilus, 55 genes were represented by one probe, 115 were represented by two probes, and 1,724 were represented by three or more probes. For L. bulgaricus, 77 genes were represented by one probe, 94 were represented by two probes, and 1,507 were represented by three or more probes. Only 5 genes of S. thermophilus and 31 genes of L. bulgaricus were not represented on the array because no unique probe satisfying the criteria could be selected. Selectivity of the probes was tested by hybridization with S. thermophilus RNA labeled with Cy5 and L. bulgaricus RNA labeled with Cy3. This showed cross-hybridization only for probes representing tRNAs (data not shown).
Microarray analysis. Slides were scanned using an Agilent microarray scanner (G2565BA). Lasers of wavelengths at 532 and 635 nm were used to excite Cy3 and Cy5 dyes, respectively. Fluorescent images were captured in a multi-imagetagged image file format and analyzed using Imagene software (Axon) (BioDiscovery, Marina del Rey, CA). The extent of hybridization was derived from a median value of pixel-by-pixel ratios. S. thermophilus and L. bulgaricus spots were normalized by using Lowess (39) separately since a varying ratio between both organisms would impact the determined expression of genes in each species. This implies that a direct comparison of gene expression levels between both organisms cannot be done. Differential regulation was determined by false-discovery rate (FDR) from the Cyber-T P values by means of multiple testing corrections (1, 40) . The confidence value for the Bayesian variance estimate was calculated for each comparison of two treatments (conditions) by determining the lowest number of replicates in both treatments and multiplying that value by 3. To account for the two technical replicates for each sample, due to that each mRNA preparation was labeled with both Cy3 and Cy5, the confidence value was divided by 2. Differential regulation was defined as a 2-fold or higher differential expression with a FDR cutoff value of 0.05 or lower. In addition, Ն1.5-fold unidirectional regulation of genes cotranscribed in operon structures was also scored as significant. Regulated genes were divided into functional classes as described by the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov /sutils/coxik.cgi?giϭ529 for S. thermophilus and http://www.ncbi.nlm.nih.gov /sutils/coxik.cgi?giϭ20019 for L. bulgaricus). Using hierarchical clustering and principal-component analysis (34) , the reproducibility of replicates of the same condition and the relation between different conditions was verified. Finally, results were visualized by plotting onto KEGG maps, Simpheny (Genomatica, Inc., San Diego, CA), metabolic maps (25, 37), and Minomics (5).
Microarray accession numbers.
The microarray design and hybridization data are available at the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession number GSE21593.
RESULTS
Population dynamics of S. thermophilus and L. bulgaricus. In order to study the interaction of S. thermophilus and L. bulgaricus in milk, growth and acid production in monoculture and mixed culture were compared (Fig. 1) . Although the L. bulgaricus monoculture showed only one exponential phase, a typical complex growth and acid production behavior, following the lag phase, was observed in the S. thermophilus and in the mixed cultures, comprising four steps: (i) a first exponential phase, (ii) a transition phase at which the growth rate decreased, (iii) a second exponential phase, and (iv) a stationary phase (9, 19) .
Effect of candidate interaction compounds on growth. Several compounds are known or hypothesized to influence the interaction between the two yogurt bacteria. We reasoned that the addition of these compounds to milk is likely to influence the interactions. The decrease or elimination of nutritional dependencies would thereby affect acidification and outgrowth in monocultures and mixed cultures. In order to establish these effects, each of the interaction compounds was added in a single addition strategy, and the effect on maximal acidification rate, final pH, and final colony count was scored. In parallel, a series of growth experiments was performed in which all but one interaction compounds were added in a single omission strategy that allows the identification of combined effects. The results are summarized in Table 1 and Fig. 1B . Clearly, acidification by S. thermophilus was stimulated by the following compounds in decreasing order with respect to the magnitude of the effect: formic acid, Casitone, pyruvic acid, folic acid, and Tween 20. L. bulgaricus acidification was stimulated most strongly by formic acid and nucleobases, whereas pyruvic acid, folic acid, Tween 20, and Tween 80 had a smaller stimulatory effect. In the mixed cultures, acidification was stimulated by pyruvic acid, formic acid, and Casitone, but less so than in the monocultures. Only formic acid and Casitone led to a higher final cell count of S. thermophilus. In L. bulgaricus monocultures, the cell counts were higher when pyruvic acid or Tween 20 was supplied. These effects were less evident in mixed cultures. Taken together, these studies highlight the potential importance of purine, amino acid, and LCFA acquisition in the interactions between the two strains.
Transcriptome analysis of monocultures and mixed cultures. We next reasoned that potential interactions would also be revealed by differential expression of the genes and pathways involved in monocultures and mixed cultures. In order to identify genes that are differentially expressed in both species upon cocultivation, we performed transcriptome profiling on mixed cultures at four different growth phases (Fig. 1)- i.e., the first exponential phase (3.5 h after starting the fermentation), transition phase (5.5 h), second exponential phase (8 h), and stationary phase (12 h)-and compared these to monocultures. Similarly, these four distinct growth phases were compared within a culture. These studies allowed analysis of global regulatory responses and development of the interactions throughout the fermentation. 
Cultures with single additions were tested versus cultures without additions. Cultures containing all components excluding one were compared to the cultures containing all components (single omissions). The pH was monitored for 19 h upon which dilutions were plated for cell enumeration. The final populations presented were determined from duplicate plating of quadruplate cultures. The acidification rates and final pH values were calculated from the same cultures. Abbreviations and symbols: S, S. thermophilus; L, L. bulgaricus; M, mixed culture; ϩ, positive effect (higher cell count, lower end pH, higher acidification rate, earlier maximal rate); -, negative effect; N, not present; NA, strain not added in the culture.
Global transcriptional responses in L. bulgaricus. The presence of S. thermophilus stimulated L. bulgaricus growth already in the early stages of the fermentation (Fig. 1A) , which was reflected by a high portion of differentially expressed genes in L. bulgaricus in the two early growth phases (17 to 24% of all genes, see Table S1 in the supplemental material), in particular genes related to growth. The functional groups with the highest fraction of differentially expressed genes were "amino acid transport and metabolism" (21 to 36% of the genes in the category), "inorganic ion transport and metabolism" (20 to 27%), and "nucleotide transport and metabolism" (20 to 45%). In the L. bulgaricus monoculture many pathways were downregulated in the two later phases of fermentation compared to the two early phases, particularly those associated with the biosynthesis of folic acid, purines, LCFA, and amino acids and genes directly related to growth. In the mixed culture there was a clear lower expression in the transition phase of genes encoding folic acid, purine, and LCFA biosynthesis and sulfur amino acid metabolism compared to the first exponential phase. This may be due to the lower growth rate in the transition phase. In the second exponential phase, however, the expression of purine and LCFA biosynthesis genes remained at a low level despite the higher growth rate compared to the transition phase, indicating that there was no shortage of these compounds. In addition, genes involved in polysaccharide and sulfur amino acid metabolism were upregulated in the second exponential phase compared to the transition phase.
Global transcriptional responses in S. thermophilus. Cocultivation affected S. thermophilus gene expression mainly in the second exponential phase (24% of all genes were more than 2-fold differentially expressed, see Table S2 in the supplemental material), which is in agreement with the observation that only at this growth phase is S. thermophilus profoundly stimulated by L. bulgaricus (Fig. 1A) (15) . The functional groups displaying the greatest differential expression were "amino acid transport and metabolism" (18 to 43% of the genes in the category), "inorganic ion transport and metabolism" (14 to 32%) and "nucleotide transport and metabolism" (12 to 51%). In the S. thermophilus monoculture, the gene pflA (4.6-fold), coding for pyruvate-formate lyase (PFL) activating enzyme, necessary for the production of formic acid from pyruvic acid, and the pathway for purine biosynthesis were upregulated in the transition phase compared to the first exponential phase despite the lower growth rate. Similarly, BCAA import and production genes were 2.9-to 3.0-fold more highly expressed in the transition phase, whereas genes encoding biosynthesis of other amino acids were mostly downregulated. This suggests that a shortage of BCAA occurs relatively early in the fermentation. There was little difference in the second exponential phase compared to the transition phase except for the upregulation of sulfur amino acid metabolism, as was also described by Hervé-Jimenez et al. (16) . These trends were also observed in mixed culture, with the exception that the higher expression of BCAA acquisition genes did not occur in the mixed culture. In the second exponential phase in mixed culture, purine biosynthesis genes were downregulated compared to the transition phase, but many pathways involved in amino acid acquisition were upregulated, especially those for BCAA (2-to 3.1-fold) and sulfur amino acids (2.2-to 61.5-fold), suggesting a limitation in the availability of these amino acids from the medium. EPS biosynthesis genes of S. thermophilus were upregulated in the second exponential phase and stationary phase compared to the earlier growth phases in mixed culture, but not in monoculture.
Below, the responses in the major metabolic pathways that were affected, and the possible physiological consequences are discussed in more detail.
Purine metabolism. In a proteome study of S. thermophilus, Dezelle et al. (12) found that PFL was highly abundant during growth in milk. In our study we found that the PFL-encoding gene, pfl, and the gene encoding for PFL-activating enzyme, pflA, were higher expressed in mixed culture, especially in the first exponential phase (3.0-and 4.1-fold, respectively) compared to monocultures. Expression of genes in the biosynthetic pathway for folic acid was not affected, but folic acid cycling genes (C1 pool) were upregulated in mixed culture. In L. bulgaricus, the (incomplete) folate biosynthetic pathway was downregulated, especially at the first two growth stages (Table 2). Genes encoding the purine biosynthesis pathway in S. thermophilus were upregulated in the mixed culture in the two earlier growth phases (Table 2 ), but in accordance to the study by Hervé-Jimenez et al. (15) , downregulated in the second exponential phase despite the higher growth rate. Purine metabolism in L. bulgaricus was downregulated throughout the fermentation in mixed culture despite its higher growth rate (Table 2) .
Amino acid and carbon dioxide metabolism. Nitrogen metabolism was poorly affected in L. bulgaricus with few exceptions. In mixed culture there was a considerably higher expression level of the prtB gene, LBUL_1105, encoding the extracellular protease that is responsible for the first step in the proteolytic degradation of caseins (8.9-fold in the second exponential phase). Since the presence of S. thermophilus is likely to lead to lower levels of available peptides and amino acids in the medium, L. bulgaricus may increase the expression of prtB. Genes involved in the biosynthesis of the sulfur containing amino acids cysteine and methionine were markedly upregulated in mixed culture (Table 2) . Also, in S. thermophilus in mixed culture there was a slightly higher expression of genes for the conversion of serine into cysteine and methionine (Table 2).
In L. bulgaricus in mixed culture, LBUL_0431, encoding a BCAA permease, was 2.3-fold higher expressed during the second exponential phase, which may be attributed to by the much lower BCAA availability in mixed culture. In Lactococcus lactis, the transcriptional repressor CodY inhibits peptidases and BCAA and methionine transporter expression in the presence of sufficient amounts of free isoleucine (11) . In S. thermophilus, CodY acts as a pleiotropic regulator regulating the expression of many peptidases and peptide transporters (20) . The expression of codY was slightly lowered in mixed culture (1.3-to 1.7-fold in the transition phase and the second exponential phase), which was reflected in the upregulation of peptide import and peptidolysis genes, exemplified by the 2.5-to 2.8-fold higher expression of the ABC transport system encoded by amiC, amiD, amiE, and amiF1 and the 2.4-fold higher expression of the peptidase pepN in the second exponential phase. In addition, genes encoding BCAA biosynthesis were 2-fold upregulated in S. thermophilus in mixed culture ( The pathways for synthesis of arginine from glutamine and glutamate were more highly expressed in mixed culture. Carbonate dehydratase, encoded by cah in S. thermophilus, was 3.8-to 15.8-fold upregulated in mixed culture, in particular in the earlier growth phases. By releasing CO 2 from carbonate, this enzyme may play a role in providing the CO 2 required for biosynthesis of aspartate, glutamate, arginine, and nucleotides (3, 22, 41) in both species. This supports the hypothesis that CO 2 production is stimulated in mixed culture, which favors growth of L. bulgaricus (14) . Although there was no notable difference in urease expression between monoculture and mixed culture, these results are in accordance with the work described by Hervé-Jimenez et al. (15) , who argued that BCAA and arginine metabolism in S. thermophilus are upregulated in the presence of L. bulgaricus.
Iron transport and H 2 O 2 resistance. In S. thermophilus six of seven genes involved in iron transport were differentially expressed in mixed culture compared to monoculture ( Table 2 ). The iron complex ABC transporter, consisting of fatA, fatB, fatC, and fatD, was expressed 2.7-to 4.5-fold higher in mixed culture at the second exponential phase. This observation is in contrast to the earlier findings (15) , where downregulation of these genes during mixed culture growth was observed. The putative iron transport regulator fur and the iron chelator dpr were 2.4-and 2.9-fold downregulated in the mixed culture in this growth phase. In stationary phase, these genes were slightly upregulated (1.5-fold), which is in accordance with the previous study. The expression of these genes is correlated to the expression of LBUL_2034 (potentially H 2 O 2 -producing pyruvate dehydrogenase), the homologue of pox1 in L. bulgaricus LMG11842, but not with LBUL_1421 and LBUL_1955 (both potentially H 2 O 2 -producing dihydroorotate dehydrogenase), the homologues of pyrD2 and pyrD1 in L. bulgaricus strain ATCC 11842 (15) . Thus, the intake of iron by S. thermophilus appears to be negatively correlated with H 2 O 2 production by L. bulgaricus, minimizing the damage caused by ROS.
EPS biosynthesis. EPS is mainly produced in the later stages of fermentation by S. thermophilus (4). S. thermophilus EPS genes (epsA to epsM) were higher expressed at the second exponential phase and especially at the stationary phase compared to the earlier growth phases. In addition, transcription of these genes was upregulated at these two later phases in the mixed culture compared to the monoculture (Table 2) , i.e., 2.1-to 5.1-fold in the second exponential phase and 2.2-to 4.0-fold in stationary phase (the transcriptional activator epsA, 2.0-and 1.9-fold). Similarly, many genes in the (poly)saccharide metabolism of L. bulgaricus were higher expressed in mixed culture compared to monoculture at the two later growth phases (Table 2). Therefore, we isolated and quantified EPS production in pure and mixed cultures. The amount of EPS increased from 0.80 Ϯ 0.02 g/liter in a S. thermophilus monoculture and 1.18 Ϯ 0.12 g/liter in a L. bulgaricus monoculture to 1.46 Ϯ 0.04 g/liter in the mixed culture. However, this increase in EPS production in the mixed culture compared to the monocultures (1.3-to 1.8-fold) is less than can be expected based on the increase in total biomass (4.5-to 8.5-fold).
Fatty acid metabolism in L. bulgaricus. In the three later phases of fermentation, the genes encoding for LCFA synthesis by L. bulgaricus were 3.3-to 9.6-fold downregulated in mixed culture compared to monoculture (Table 2 ). However, in the second exponential and the stationary phase 
DISCUSSION
In this study we report an extensive postgenomic analysis of the cocultivation of S. thermophilus and L. bulgaricus in milk. The combination of physiological approaches and transcriptome profiling of both pure and mixed cultures allowed the identification of regulatory responses to mixed culture growth in milk in both strains. The responses to cocultivation in S. thermophilus in many aspects confirmed findings by Hervé-Jiminez et al. related to amino acid, purine, and iron metabolism (15) (16) . This emphasizes the generic value of their findings since in our study a different strain combination was used. The differences observed in our study are limited to for instance the downregulation of fatABCD genes encoding an iron complex transporter in the second exponential phase. These differences may be explained by strain-specific features of the strains used our study, although it cannot be excluded that differences in cultivation conditions also play a role.
In addition, our study provides a postgenomic analysis of the responses of L. bulgaricus to cocultivation in milk. This revealed that the limited availability of purines strongly influences physiological responses in both monocultures and mixed cultures. The high abundance of PFL in S. thermophilus in milk (12) and the stimulatory effect of formic acid and folic acid on acidification and growth of both species show that purine availability in milk is too low to sustain optimal growth. This is also exemplified by the relative high expression of the folic acid and purine production pathways in a L. bulgaricus monoculture. Both of these pathways are significantly downregulated in mixed culture, whereas genes for folate cycling and purine biosynthesis are upregulated concomitantly in S. thermophilus during mixed culture growth (Table 2) . These results support a model in which S. thermophilus supplies L. bulgaricus with crucial components for purine nucleotide biosynthesis, including the precursor formic acid and the cofactor folic acid.
Clearly, the generation of ROS is a second element specific to cocultivation responses inducing specific responses in iron metabolism. Previous findings regarding expression of genes involved in iron uptake by S. thermophilus (15) were extended by the discovery that their expression was correlated to growth rate and decreased in the later stages of mixed fermentation, probably as a result of increased production of H 2 O 2 by L. bulgaricus.
The proteolytic activity of L. bulgaricus plays a key role in the mixed culture of S. thermophilus and L. bulgaricus as was exemplified by the large stimulatory effect of addition of hydrolyzed casein to a S. thermophilus culture, whereas the stimulatory effect upon addition to a mixed culture was much smaller. L. bulgaricus has a very limited potential for amino acid biosynthesis, which makes the bacterium highly dependent on its proteolytic activity when growing in milk (38) . The cleavage of casein into peptides by PrtB and the higher expression of peptidases in S. thermophilus support higher growth rates of both species in mixed culture. In casein there is a relatively low abundance of BCAA (6 to 7% [wt/wt] in casein), arginine (4%), and cysteine (0.35%). The upregulation of the pathways for biosynthesis of BCAA and sulfur amino acid indicates that the proteolytic activity of L. bulgaricus does not liberate sufficient amounts of these amino acids from casein to sustain optimal growth. Interestingly, these amino acid residues are relatively abundant in the predicted proteins of S. thermophilus (15) and L. bulgaricus (http://www.cbs.dtu.dk/services /GenomeAtlas), indicating a high biosynthetic demand (35) . In fact, the strong limitation in sulfur amino acids in dairy niches may explain why the serine-sulfur amino acid interconversion pathway remained functional in L. bulgaricus in contrast to most other amino acid biosynthetic pathways.
Genes coding for extracellular polysaccharide biosynthesis and secretion in both S. thermophilus and in L. bulgaricus were higher expressed in mixed culture compared to growth in monoculture. This may be a direct response to the lower pH at stationary phase in the mixed culture fermentation. Low pH has been shown to trigger EPS production by L. bulgaricus previously (26) , increasing acid resistance (23) . One of the additional effects may be that it facilitates the exchange of metabolites by forcing close proximities or even physical contact between the two species, as is the case in kefir (7, 30) . Moreover, it was found that fatty acid metabolism in L. bulgaricus was subject to transcriptional regulation during mixed culture growth, but the mechanistic basis of this observation remains to be established.
Yogurt fermentation is in many aspects the paradigm for microbiologists studying dairy fermentations. Rather than using a laboratory conditions, we conducted our study using a substrate more similar to industrial application. This provided important information on the molecular basis of this mixedculture fermentation. Apparently, coevolution of L. bulgaricus and S. thermophilus in a milk environment is at the basis of the strong interactions between both species, which influence both their growth and industrial performance. The approach and methods applied may be extended to other mixed-culture systems since they enable a molecular characterization of responses to mixed cultivation and interactions. Finally, the results may provide prospects for engineering interacting mixed cultures, for instance by introducing nutritional dependencies in dairy systems containing probiotics.
